Introduction {#s1}
============

Hypertrophic cardiomyopathy is a pathologic hypertrophy of the heart due to an increase in the size of myocytes in various heart diseases including long-term hypertension, myocardial infarction, chronic pressure overload, valvular defects and endocrine disorders ([@CWU020C59]; [@CWU020C32]; [@CWU020C27]; [@CWU020C24]). Myocardial hypertrophy is an adaptive response of the heart to increased workload. However, increased myocyte size, increased left ventricular (LV) mass and decreased fractional shortening (FS) are risk factors of cardiac morbidity and mortality in the general population ([@CWU020C43]; [@CWU020C4]; [@CWU020C47]). Previous studies have demonstrated that dyslipidemia, hypercholesterolemia and cardiac lipotoxicity are associated with cardiac hypertrophy ([@CWU020C70]; [@CWU020C62]; [@CWU020C5]; [@CWU020C7]; [@CWU020C55]; [@CWU020C41]; [@CWU020C72]; [@CWU020C3]; [@CWU020C65]).

Recently, we have observed that feeding a high fat and cholesterol diet to apoE^−/−^ mice results in marked increase in the level of GSL, e.g. glucosylceramide (GlcCer) and LacCer in heart tissue accompanied by an increase in the activity of glycosphingolipid (GSL) glycosyltransferases (GTs) ([@CWU020C15]) (submitted for publication). The association of marked atherosclerosis and cardiac hypertrophy with these biochemical changes has been confirmed by physiologic studies (LV mass, FS) and up-regulation of genes for brain natriuretic peptide (BNP), atrial natriuretic peptide (ANP) and alpha skeletal actin---all are well-known markers of cardiac hypertrophy ([@CWU020C46]; [@CWU020C64]; [@CWU020C24]; [@CWU020C37]; [@CWU020C67]; [@CWU020C77]). Treatment of mice with [d]{.smallcaps}-threo-1-phenyl-2-decanoylamino-3-morpholino-1-propanol ([d]{.smallcaps}-PDMP), an inhibitor of GSL synthesis, not only reversed atherosclerosis but also markedly reduced cardiac hypertrophy ([@CWU020C15]) (submitted for publication). Regression in LV mass is known to be accompanied by reduced cardiovascular complications during hypertrophy ([@CWU020C44]; [@CWU020C19]; [@CWU020C21]). Hence, decreasing GSL load in the myocardium seemed to reverse LV mass which is widely accepted as a desirable treatment goal in cardiovascular diseases. However, these studies conducted in experimental animal models could not establish clearly whether one or more GSLs take part in cardiac hypertrophy. Herein, using cultured cardiomyocytes, we demonstrate that LacCer specifically induces cardiac hypertrophy by way of generating reactive oxygen species (ROS) to transduce a signal transduction pathway leading to this phenotype.

Results {#s2}
=======

LacCer, but not other GSLs, increase \[^3^H\]-leucine incorporation in H9c2 cells {#s2a}
---------------------------------------------------------------------------------

The incorporation of \[^3^H\]-leucine into cell protein has been one method used widely to determine the rate of protein synthesis. Among all different glycolipids, LacCer specifically stimulated protein synthesis (2-fold) to a similar extent as phenylephrine (PE) in these cells (Figure [1](#CWU020F1){ref-type="fig"}). In contrast, the other classes of GSL. e.g. sulfatides, complex gangliosides and other neutral GSLs, failed to increase protein synthesis in these cardiomyocytes, respectively. Fig. 1.LacCer significantly upregulated \[^3^H\]-leucine incorporation in H9c2 cells: H9c2 cells were plated (10^5^ per well) in 24-well plates and allowed to proliferate in growth medium composed of DMEM supplemented with 10% fetal bovine serum. When cells had reached near confluence, growth medium was replaced with differentiation medium (DMEM containing 2% horse serum) for 48 h to induce differentiation of H9c2 myoblasts into myotubes. Cells were then stimulated for 48 h with a single dose of 100 µM PE and different glycolipids (as shown above, 100 µM each). \[^3^H\]-Leucine (5 Ci or 142 Ci/mmol) was included per well. At the end of the incubation period, cells were washed twice in PBS and proteins were subsequently precipitated with ice-cold 10% trichloroacetic acid. After dissolving the precipitates in 0.5 mol/L NaOH, 5 mL scintillation cocktail was added, and radioactivity was measured by liquid scintillation spectroscopy. \[^3^H\]-Leucine incorporation experiments were repeated five times with triplicate measurements for each experiment. LacCer upregulated protein synthesis in H9c2 cells significantly. \**P* \< 0.003, \*\**P* \< 0.004 vs control.

LacCer dose and time dependently increases protein synthesis and DNA synthesis/proliferation in cardiomyocytes {#s2b}
--------------------------------------------------------------------------------------------------------------

A time and LacCer concentration (50--100 μM)-dependent increase in protein synthesis in H9c2 myotubes and neonatal rat ventricular myocytes (NRVM) is shown in Figure [2](#CWU020F2){ref-type="fig"}A and B. H9c2 cells were induced to undergo differentiation (2% horse serum) to form myotubes. LacCer-induced protein synthesis was significantly increased (2- to 3-fold) at and above the concentration of 50 μM. The maximum increase in protein synthesis was also observed following 48 h of incubation with 100 μM of LacCer in H9c2 myotubes and in NRVM, respectively. Thus, LacCer alone increases protein synthesis in cardiomyocytes at a concentration similar to PE. Fig. 2.LacCer dose and time-dependently increases protein synthesis and proliferation in cardiomyocytes: H9c2 myotubes and NRVM were treated with 100 µM PE and different doses of LacCer (10, 20, 50 and 100 µM) for each time duration (24, 36, 48 and 72 h). \[^3^H\]*-*Leucine incorporation study was done (**A** and **B**). \[^3^H\]-Thymidine incorporation was measured to assess the proliferative effect of LacCer in H9c2 cells. H9c2 cells were plated (10^5^ per well) in 24-well plates and were allowed to grow for 24 h in DMEM without serum. Cells were then stimulated for 48 h with a single dose of 100 μM PE. Cells were also stimulated with different doses of LacCer (10, 20, 50, 80 and 100 μM) for 24, 36, 48 and 72 h and co-incubated with \[^3^H\]-thymidine (5 mCi/mL media) at indicated time points (**C**). LacCer increases the expression of ANP and BNP genes in H9c2 cells and NRVM: RNA was isolated from NRVM\'s and real-time quantitative PCR analysis was performed using the gene specific primers for ANP and BNP (**D** and **E**). LacCer induces cardiomyocyte protein synthesis and hypertrophic gene expression (ANP, BNP) dose and time dependently. Experiments were done independently for *n* = 5, \**P* \< 0.05, \*\**P* \< 0.002, \*\*\**P* \< 0.001 vs control.

\[^3^H\]-Thymidine incorporation was measured to assess the proliferative effect of LacCer in these cells (Figure [2](#CWU020F2){ref-type="fig"}C). The cells were maintained in complete medium (10% fetal bovine serum (FBS)). At a lower concentration of LacCer (10 μM) and after 48 h of incubation, a ∼5-fold increase in \[^3^H\]-thymidine incorporation into DNA was observed. Further increasing the concentration of LacCer did not significantly alter this observation.

LacCer increases the expression of ANP and BNP genes in H9c2 cells and NRVM {#s2c}
---------------------------------------------------------------------------

ANP and BNP genes have been reported to serve as bonafide biomarkers in the development of cardiac hypertrophy ([@CWU020C14]; [@CWU020C63]). So, we examined the temporal profile of ANP and BNP mRNA expression in cardiomyocytes incubated with and without LacCer (Figure [2](#CWU020F2){ref-type="fig"}D and E). LacCer dose dependently and significantly (2- to 3-fold) up-regulated the levels of ANP and BNP mRNAs starting at a concentration of 50 μM (Figure [2](#CWU020F2){ref-type="fig"}D and E) and reaching a maximum increase at 100 μM.

Hypertrophic response on cardiomyocyte size induced by LacCer {#s2d}
-------------------------------------------------------------

One of the hallmarks of cardiac hypertrophy is an increase in myocyte size. Therefore, we examined whether LacCer can induce an increase in cell size associated with cardiac hypertrophy (Figure [3](#CWU020F3){ref-type="fig"}). NRVMs and H9c2 cells were treated with LacCer at different concentrations (10, 20, 50 and 100 μM) for 24 and 48 h. PE served as a positive control. The cells were fixed and stained with anti-α-actinin antibody to distinguish myocytes from other cell types in the cultures. Immunofluorescent and bright field images were taken. Treatment with 100 μM of LacCer for 48 h increased the cell size ∼40 ± 1%. Fig. 3.LacCer induced hypertrophic response on cardiomyocyte size: Serum starved H9c2 cells (**A**) and NRVMs (**B**) were stimulated for 48 h with 100 µM PE and 100 µM LacCer. Forty-eight hours after incubation, the cells were fixed and stained with alpha actinin antibody. Fluorescence (**A**) and bright field images (**B**) were taken to visualize the effect of stimulators on cardiomyocyte cell size. LacCer induces the increase in cardiomyocyte size.

LacCer alters ROS levels and cell viability in H9c2 cells {#s2e}
---------------------------------------------------------

The levels of intracellular ROS in H9c2 cells were measured using a fluorescent probe, 2′,7′-dichlorofluorescin diacetate (DCFH2-DA) ([@CWU020C51]) (Figure [4](#CWU020F4){ref-type="fig"}A). The intensity of DCF fluorescence was observed to increase slightly in normal cells exposed to DMSO. In comparison, a significant increase was observed in the intensity of DCF fluorescence in LacCer treated H9c2 cells. LacCer-induced increase in DCF fluorescence was time and concentration dependent. LacCer (10 μM) was sufficient to increase ROS levels within 10 min of treatment in H9c2 cells. Fig. 4.LacCer induces ROS generation in cardiomyocyte: Cells were treated with CM-H~2~DCFH2-DA (10 μM) for 15 min prior to the addition of LacCer. After incubation with LacCer for different time points, the intensity of DCF fluorescence was analyzed using a micro plate reader (**A**). Data represents the mean SD relative to the DCF fluorescence intensity of the control of four independent experiments. LacCer-induced ROS generation is inhibited by NAC and NAD(P)H oxidase inhibitor: The culture medium of H9c2 cells was replaced by medium containing DPI (200 μM) and NAC (15 mM). Cells were then treated with CM-H~2~DCFH2-DA (10 μM) for 15 min prior to the addition of LacCer. Fluorescence intensity was measured at a wavelength of 535 nm (**B**). \**P* \< 0.01 and \*\**P* \< 0.001 vs LacCer treatment. The effect of LacCer on cell viability was also measured (**C**).

We also studied the effect of antioxidant *N*-acetylcysteine (NAC), a scavenger of ROS and diphenylene iodonium (DPI), an inhibitor of NAD(P)H oxidase on LacCer-induced ROS generation. The culture medium of H9c2 cells was replaced by a medium containing DPI (200 μM) and NAC (15 mM). Cells were then treated with DCFH2-DA (10 μM) for 15 min prior to the addition of LacCer. NAC and DPI prevented LacCer-induced increase in the intensity of DCF fluorescence (Figure [4](#CWU020F4){ref-type="fig"}B). As shown in Figure [4](#CWU020F4){ref-type="fig"}C, a 20 ± 5% decrease in cell viability is found to be associated with a concentration of 100 μM LacCer. Similarly, cells treated with 100 μM PE also showed ∼11 ± 3% decrease in cell viability. Thus, hypertrophy and cell viability both are affected by these diverse compounds.

Relationship between hypertrophy and ROS levels {#s2f}
-----------------------------------------------

To determine whether ROS generated upon treatment with LacCer is critical in cardiac hypertrophy, we examined the effects of NAC and DPI on hypertrophy in H9c2 cells. Both NAC and DPI mitigated the increase in ANP and BNP gene expression induced by LacCer (Figure [5](#CWU020F5){ref-type="fig"}). Thus, LacCer-mediated increase in ROS is critical for cardiac hypertrophy. Fig. 5.Antioxidant treatments have significantly downregulated the ANP and BNP expression induced by LacCer: The culture medium of H9c2 cells was replaced by medium containing DPI (200 μM) and NAC (15 mM). Eight hours after the addition of DPI and NAC, cells were treated with or without LacCer for 48 h. ANP and BNP expression were analyzed (**A** and **B**). Data represent the mean SD of three independent experiments. \**P* \< 0.05, \*\**P* \< 0.001 and \*\*\**P* \< 0.0001. Antioxidant treatment has significantly downregulated the ANP and BNP expression induced by LacCer.

LacCer induces c-jun and c-fos gene expression {#s2g}
----------------------------------------------

The treatment of cardiomyocytes with LacCer significantly increased the c-jun mRNA level as detected by semi-quantitative real-time-polymerase chain reaction (RT-PCR) (Figure [6](#CWU020F6){ref-type="fig"}A) and real-time quantitative PCR (data not shown). To determine whether an increase in the expression of the transcription factors c-jun was of specific nature, we also examined the expression of several other transcription factors using real-time quantitative PCR. No changes in NFAT3, NFkB, c-myc, MEF2C and MEF2D mRNA levels were observed except for the upregulation for c-fos mRNA level (Figure [6](#CWU020F6){ref-type="fig"}B). Fig. 6.LacCer induces c-fos and c-jun gene expression: H9C2 cells were incubated with LacCer (100 µM) for various time intervals as indicated above. RNA was isolated; RT-PCR and real-time quantitative PCR analysis was performed using the gene-specific primers for c-jun and c-fos. LacCer induces the expression of c-jun and c-fos mRNAs with time (**A** and **B**). GAPDH is used as an internal control. LacCer induces phosphorylation of p44 MAP kinase: H9C2 cells were incubated with LacCer (100 µM) for various time intervals as indicated above. Whole cell lysates (60 µg protein/well) were subjected to western immunoblot assay with phospho p44/42 MAP kinase antibody. Data show blots from two independent experiments (Blots 1 and 2). LacCer induces the phosphorylation of p44 MAP kinase (upper band shown by arrow in Blots 1 and 2) (**C**). GAPDH was used as a loading control. LacCer induces phosphorylation of p44 MAP kinase and induction of c-jun and c-fos genes in cardiomyocytes.

Involvement of PKC and ERK1/2 in the LacCer-mediated increases in c-fos and c-jun gene expression and hypertrophy {#s2h}
-----------------------------------------------------------------------------------------------------------------

PKC and ERK1/2 have been reported to be involved in the regulation of c-fos and c-jun gene expression in neonatal cardiomyocytes ([@CWU020C66]; [@CWU020C11]; [@CWU020C34]; [@CWU020C38]). We have previously shown that in human arterial smooth muscle cells, PKC and ERK1/2 are involved in the LacCer-mediated increases in cell proliferation ([@CWU020C16]; [@CWU020C26]). The possible role of PKC in LacCer-mediated hypertrophy was examined by pretreating cardiomyocytes for 8 h with bisindolylmaleimide (Bis) (100 and 200 nM), an inhibitor of PKC activity, prior to the addition of LacCer (100 μM). It can be seen from Figure [7](#CWU020F7){ref-type="fig"}C and D that inhibition of PKC attenuated the LacCer induced increases in ANP/BNP mRNA levels. Figure [8](#CWU020F8){ref-type="fig"}A--D shows that inhibition of PKC also attenuated the LacCer-induced increase in c-jun and c-fos mRNA levels. Pretreatment of cardiomyocytes with PD98059 (20 nM), an ERK1/2 signaling inhibitor, for 8 h prior to the addition of LacCer prevented the increases in ANP, BNP mRNA levels (Figure [7](#CWU020F7){ref-type="fig"}A and B) and c-jun, c-fos mRNA levels (Figure [8](#CWU020F8){ref-type="fig"}E--H) induced by LacCer. Bis or PD98059 alone did not affect c-fos and c-jun gene expression. Fig. 7.Involvement of PKC and ERK1/2 in LacCer-mediated increases in ANP and BNP gene expression: H9c2 cells were treated with PD98059 (20 nM), an inhibitor of ERK1/2 activation, 8 h prior to the addition of LacCer (100 µM). Inhibiting ERK1/2 attenuated the LacCer-induced increase in ANP and BNP mRNA levels (**A** and **B**). Pretreatment of cardiomyocytes with bisindolylmaleimide (Bis) (200 nM), an inhibitor of PKC activities for 8 h prior to the addition of LacCer, also prevented the increases in ANP and BNP mRNA levels induced by LacCer (**C** and **D**). Bis or PD98059 alone did not affect ANP and BNP gene expressions. Fig. 8.Involvement of PKC and ERK1/2 in LacCer-mediated increases in c-fos and c-jun gene expression: H9c2 cells were treated with bisindolylmaleimide (Bis) (100 and 200 nM), prior to the addition of LacCer (100 µM). RT-PCR (**B**, **D**, **F** and **H**) and real-time quantitative PCR (**A**, **C**, **E** and **G**) analysis were performed using the gene-specific primers for c-fos and c-jun. Pretreatment of cardiomyocytes with bisindolylmaleimide significantly prevented LacCer-induced expression of c-jun (**A** and **B**) and c-fos (**C** and **D**). Similarly, it can be seen in **E** and **F** that pretreatment of cardiomyocytes with PD98059 (10 and 20 nM) prior to the addition of LacCer attenuated the LacCer-induced increase in c-jun mRNA level and c-fos mRNA level (**G** and **H**). Bis or PD98059 alone did not affect c-fos and c-jun gene expressions. \**P* \< 0.05 vs control, \*\**P* \< 0.001 and \*\*\**P* \< 0.0003 vs LacCer treatment.

Antioxidant treatments have significantly downregulated the c-fos and c-jun gene expression induced by LacCer {#s2i}
-------------------------------------------------------------------------------------------------------------

The culture medium of H9c2 cells was replaced by a medium containing DPI (200 μM) and NAC (15 mM). Eight hours after the addition of DPI and NAC, cells were treated with and without LacCer for 48 h. c-fos and c-jun mRNA expressions were analyzed by real-time quantitative PCR (Figure [9](#CWU020F9){ref-type="fig"}A and B) and RT-PCR analysis (Figure [9](#CWU020F9){ref-type="fig"}C and D). NAC and DPI treatments have significantly downregulated the c-fos and c-jun expression induced by LacCer. Fig. 9.Antioxidant treatments have significantly downregulated the c-fos and c-jun gene expression induced by LacCer: The culture medium of H9c2 cells was replaced by medium containing DPI (200 μM) and NAC (15 mM). Eight hours after the addition of DPI and NAC, cells were treated with or without LacCer for 48 h. c-jun and c-fos mRNA expressions were analyzed by real-time quantitative PCR (**A** and **B**) and RT-PCR analysis (**C** and **D**). Data represents the mean SD of four independent experiments. \**P* \< 0.05 vs control, \*\**P* \< 0.001 and \*\*\**P* \< 0.0001 vs LacCer treatment. NAC and DPI treatment has significantly downregulated the c-fos and c-jun expression induced by LacCer.

Discussion {#s3}
==========

The following major findings emerged from the present study. (i) Only LacCer, among a host of other GSLs and sphingolipids decorating the mammalian cell membrane, exerted a time- and concentration-dependent increase in hypertrophy in cardiomyocytes from neonatal rat heart and rat H9c2 cells. (ii) Mechanistic studies revealed that LacCer induces cardiac hypertrophy by an "oxygen-sensitive" signaling pathway by way of activating NAD(P)H oxidase to generate superoxides, protein kinase-C activation, p44 mitogen activated protein kinase (MAPK) phosphorylation and nuclear factor c-fos and c-jun expression (Figure [10](#CWU020F10){ref-type="fig"}).

Cardiac hypertrophy in vivo involves the enlargement of the myocardial cells due to an overload of blood volume and increased blood pressure. In contrast, cardiac hypertrophy in vitro is induced by the use of agonists such as PE which binds to its cognate receptors and transduces downstream components to eventually induce hypertrophy. In this study, we used PE as a positive control and demonstrated that at a similar concentration (100 μM), LacCer independently could serve as a bonafide agent to induce cardiac hypertrophy in H9c2 cells and freshly cultured primary rat cardiomyocytes. At the cellular level, hypertrophy is characterized by an increase in the size of cells. This increase in cell size is mainly accompanied by an increase in protein synthesis. During hypertrophy, cells grow in size without further cell division. Proliferation on the other hand is the division of cells accompanied by DNA synthesis and nuclear division. Treatment with 10 μM LacCer was found to be most effective in inducing cell proliferation, which is similar to the results reported in arterial smooth muscle cells ([@CWU020C6]). However, when the cells were stimulated with 50--100 μM of LacCer, there was a significant increase in cell volume and cell size, which is a hallmark of hypertrophy. Increase in DNA synthesis was much smaller relative to increase in RNA and protein synthesis at a LacCer concentration of 50--100 μM. LacCer concentration-dependent phenotypic effect on hypertrophy was also reproduced in NRVMs, which are terminally differentiated cells. Our studies employed multiple criteria to assess hypertrophy in these cardiomyocytes, e.g. increased cell volume, increased protein synthesis using \[^3^H\]-leucine as a precursor and the measurement of mRNA levels of ANP- and BNP-established biomarkers of cardiac hypertrophy. Next, we investigated the effects of a pool of GSLs and sphingolipids on cardiac hypertrophy and observed that they did not significantly affect this phenotype. Therefore, we conclude that an intact molecule of LacCer is required to induce cardiac hypertrophy. Importantly, the catabolic or anabolic products of LacCer failed to induce this phenotype. These studies suggest that LacCer specifically induced cardiac hypertrophy.

The potential role for free oxygen radicals in cardiac hypertrophy has been elucidated in many earlier studies ([@CWU020C1]; [@CWU020C31]; [@CWU020C45]). Therefore, we examined the effects of LacCer on superoxide production and its mitigation on cardiac hypertrophy. As shown in Figure [4](#CWU020F4){ref-type="fig"}, LacCer induced the generation of superoxides in a time- and concentration-dependent manner (Figure [4](#CWU020F4){ref-type="fig"}A) and this was mitigated by the use of *N*-acetylcysteine (a scavenger of free oxygen radicals) and diphenylamine iodonium (DPI), an inhibitor of NAD(P)H oxidase (Figure [4](#CWU020F4){ref-type="fig"}B) ([@CWU020C33]; [@CWU020C73]; [@CWU020C74]). Use of these inhibitors also mitigated LacCer-induced cardiac hypertrophy biomarkers mRNA levels, e.g. ANP and BNP (Figure [5](#CWU020F5){ref-type="fig"}). This observation suggests that, by activating NAD(P)H oxidase, LacCer generates superoxide radicals which in turn activate a downstream signaling cascade leading to cardiac hypertrophy. At lower concentrations (10--20 μM), LacCer stimulated DNA synthesis to facilitate proliferation by producing small quantities of superoxide. 10 μM LacCer concentration was found to be most effective in inducing proliferation, which is similar to the results reported in arterial smooth muscle cells ([@CWU020C6]). At higher concentrations (50--100 μM), LacCer is generating a large amount of superoxides that could affect cell viability and stimulate a pathways leading to hypertrophy.

We have previously shown in cultured normal human fibroblasts ([@CWU020C17]) that \[^3^H\]-LacCer associated with LDL bound to the cell membrane at 4°C. However, when the cells were warmed to 37°C, \[^3^H\]-LacCer rapidly internalized, degraded to GlcCer and converted to GbOse3Cer and Gbose4Cer within 30 min. In contrast, in human fibroblasts lacking functional LDL receptors, LacCer did not metabolize rapidly, rather it entered the cells via an LDL receptor-independent pathway. Thus exogenously added LacCer should first incorporate to the plasma membrane, activate NAD(P)H oxidase to generate superoxides and then affect cardiac hypertrophy.

The immediate early genes activated during hypertrophic stimulus include c-jun, c-fos and c-myc. Previous studies have shown that PE induces immediate early genes such as c-fos and c-jun leading to cardiac hypertrophy ([@CWU020C35]; [@CWU020C50]). In our study, we found that LacCer-induced hypertrophy also involved the upregulation of both c-fos and c-jun genes (Figure [6](#CWU020F6){ref-type="fig"}A and B). Our study also demonstrates that the activation of these immediate early genes involves oxidative stress (Figure [9](#CWU020F9){ref-type="fig"}).

Furthermore, we investigated the effects of LacCer on PKC activation and cardiac hypertrophy. The involvement of PKC in cardiac hypertrophy has been reported previously ([@CWU020C8]; [@CWU020C9]; [@CWU020C71]). For example, PE is also known to induce hypertrophy via PKC activation ([@CWU020C18]). Using bisindolylmaleimide, an inhibitor of PKC, we observed a marked inhibition of LacCer-induced ANP and BNP mRNA levels in cardiomyocytes (Figure [7](#CWU020F7){ref-type="fig"}C and D), suggesting that PKC plays a central role in LacCer-induced hypertrophy (Figure [10](#CWU020F10){ref-type="fig"}). Fig. 10.LacCer induces hypertrophy in cardiomyocytes via ROS generation and activation of P^44^ MAP kinase.

Previous studies have also placed p44 MAPK activation as a central component in agonist-induced cardiac hypertrophy ([@CWU020C2]; [@CWU020C20]; [@CWU020C61]; [@CWU020C22]; [@CWU020C23]; [@CWU020C42]; [@CWU020C58]). For example, PE and angiotensin II is known to induce p44 MAPK activation ([@CWU020C56]; [@CWU020C28]; [@CWU020C29]; [@CWU020C13]; [@CWU020C52]; [@CWU020C48]; [@CWU020C75]). Also transforming growth factor\--β1 induces hypertrophy and fibrosis via activation of p44 MAPK ([@CWU020C12]). We therefore examined the effects of LacCer on p44 MAPK and cardiac hypertrophy. We observed not only that LacCer induced the rapid phosphorylation of p44 MAPK but also that this activation process was required to induce cardiac hypertrophy, as the use of p44 MAPK inhibitor mitigated LacCer-induced upregulation of ANP and BNP mRNA expression (Figure [7](#CWU020F7){ref-type="fig"}A and B). Also, LacCer-induced upregulation of c-jun and c-fos mRNA involves PKC and p44 MAP kinases activation (Figure [8](#CWU020F8){ref-type="fig"}). Recently, LacCer has been implicated to directly bind to phospholipase A-2 to induce arachidonic acid production ([@CWU020C26]; [@CWU020C49]). Therefore, we examined the effects of a c-PLA2 inhibitor *p*-bromophenacyl bromide (20 μM) on LacCer-mediated cardiac hypertrophy. Since the results were negative (data not shown), it implies that LacCer does not recruit c-PLA2 to induce cardiac hypertrophy. Our findings are in agreement with previous work, showing that c-PLA2 has no significant/direct role in cardiac hypertrophy ([@CWU020C30]).

Hypertrophy induced by fat diet intake is fast becoming one of the primary cause of myocardial infarction, morbidity, stroke and contributes to ∼50% mortality in western countries. It is a major clinical concern in cardiovascular medicine. Increased levels of fatty acids from fat diets can impact the heart harmfully due to the formation of noxious derivatives of glucose and lipid metabolism. A close association between GSL level and cardiac hypertrophy in vivo in apoE^−/−^ mice fed a western diet was suggested by us recently ([@CWU020C15]) (submitted for publication). We found that the activity of several GSL glycosyl transferases and the level of GSLs, particularly LacCer, were markedly increased in mice fed a western diet alone when compared with apoE^−/−^ mice fed regular mice chow alone. Cardiac hypertrophy (LV mass measurement) in this transgenic mouse model of hyperlipidemia was prevented and interfered by the use of [d]{.smallcaps}-threo-1-phenyl-2-decanoylamino-3-morpholino-1-propanol ([d]{.smallcaps}-PDMP), an inhibitor of GlcCer synthase and LacCer synthase ([@CWU020C15]) (submitted for publication).

However, these in vivo studies did not elaborate whether one or more GSLs were implicated in cardiac hypertrophy. The present study using cultured cardiomyocytes suggests that LacCer alone can induce hypertrophy and therefore exposes both LacCer and LacCer synthase as novel drug targets to mitigate this phenotype.

Materials and methods {#s4}
=====================

Chemicals {#s4a}
---------

Dulbecco\'s modified Eagle\'s medium (DMEM), trypsin-ethylenediaminetetraacetic acid, phosphate-buffered saline (PBS), [l]{.smallcaps}-glutamine, penicillin/streptomycin, fluorescent probe DCFH2-DA, TRIzol reagent, cDNA synthesis kit, SYBR Green PCR Master Mix, fluorescein isothiocyanate (FITC)-conjugated antibody and DAPI nuclear stain were purchased from Life Technologies, Grand Island, NY. FBS, normal horse serum (HRS), DPI, NAC, PE, trichloroacetic acid, NaOH and monoclonal anti-α-actinin (Sarcomeric) (A7732) were purchased from SIGMA Chemical Co., St. Louis, MO. Neonatal rat NeoMyts Kit was obtained from Cellutron Life Technology, Baltimore, MD. 3-(4,5-Dimethylthiazol-2-yl)-2,5- diphenyltetrazolium bromide (MTT) assay kit was obtained from Promega, Madison, WI. \[^3^H\]-Leucine and \[^3^H\]-thymidine were obtained from American Radiolabeled Chemicals. Scintillation cocktail was obtained from RPI, Mount Prospect, IL. Anti-phospho p44/42 MAP kinase antibody (9101) was obtained from Cell Signaling, Danvers, MA. Lactosylceramide (LacCer) (palmitoyl) and other GSL stocks were purchased from Matreya LLC, Pleasant Gap, PA. All other chemicals used in this study were of the highest grade available from commercial suppliers.

Stock solution of GSLs, DPI and NAC were prepared in dimethyl sulfoxide (DMSO) and stored at −20°C until use.

Cell culture {#s4b}
------------

H9c2 rat cardiomyoblasts were obtained from the American Type Culture Collection (Rockville, MD) and were grown in high-glucose DMEM medium supplemented with 10% FBS, 100 units/mL penicillin and 100 μg/mL streptomycin and maintained at 37°C in a humidified-atmosphere incubator (Thermo Fisher Scientific, Pittsburgh, PA) with 5% CO~2~. The cells were seeded onto six-well plates at a density of 3 × 10^5^ cells/well containing 3 mL culture medium or 10^5^ per well in 24-well plates containing 1 mL medium. To induce differentiation of H9c2 myoblasts into myotubes, growth medium was replaced with differentiation medium (DMEM containing 2% horse serum) and allowed to grow for 48 h before any treatment.

NRVM isolation {#s4c}
--------------

Ventricles were dissected from 1-day-old Sprague-Dawley rats. NRVMs were isolated using the Cellutron Neomyocytes isolation system (Cellutron Life Technology, Baltimore, MD) following the manufacturer\'s instructions ([@CWU020C76]; [@CWU020C57]). Cells were pre-plated for 2 h to separate adherent fibroblasts from nonadherent cardiomyocytes. Myocytes were resuspended in DMEM containing 10% FBS, 2 mM [l]{.smallcaps}-glutamine and penicillin/streptomycin (P/S) and plated onto either gelatin-coated cover glasses or culture dishes. Myocytes were plated at 700 cells/mm^2^ for cell size assays and at 1100 cells/mm^2^ for other experiments.

\[^3^h\]-Leucine incorporation {#s4d}
------------------------------

\[^3^H\]-Leucine was measured essentially by the method of [@CWU020C69]. The embryonic rat-heart derived H9c2 cells American type culture collection were maintained in a growth medium comprising DMEM supplemented with 10% FBS. H9c2 cells were plated at a density of 5000 cells/cm^2^ and allowed to proliferate in the growth medium. When cells had reached near confluence, the growth medium was replaced with a differentiation medium (DMEM containing 2% horse serum) for 48 h to induce differentiation of H9c2 myoblasts into myotubes ([@CWU020C54], [@CWU020C53]). Cells were then stimulated with a single dose of 100 μM PE. Cells were also stimulated with different glycolipids (100 µM) or different doses of LacCer (10, 20, 50, 80 and 100 μM) for 24, 36, 48 and 72 h and co-incubated with \[^3^H\]-leucine (5 Ci or 142 Ci/mmol) at indicated time points. At the end of the incubation period, cells were washed twice in PBS and proteins were subsequently precipitated with ice-cold 10% trichloroacetic acid. After dissolving the precipitates in 0.5 M NaOH, 5 mL scintillation cocktail was added and radioactivity was measured by liquid scintillation spectroscopy ([@CWU020C10]; [@CWU020C25]). \[^3^H\]-Leucine incorporation experiments were repeated five times with triplicate measurements for each experiment.

\[^3^h\]-Thymidine incorporation assay {#s4e}
--------------------------------------

H9c2 cells were plated (10^5^ per well) in 24-well plates, and were made quiescent for 24 h in DMEM without serum. Quiescent cells were then stimulated for 48 h with a single dose of 100 μM PE. Cells were also stimulated with different glycolipids (100 µM) or different doses of LacCer (10, 20, 50, 80 and 100 μM) for 24, 36, 48 and 72 h and co-incubated with \[^3^H\]-thymidine (5 mCi/mL media) at indicated time points. Cells were washed with phosphate-buffered saline and dissolved in 0.5 M NaOH. The incorporation of \[^3^H\]-thymidine was measured as described above. \[^3^H\]-Thymidine incorporation experiments were repeated five times with triplicate measurements for each experiment.

Cell viability {#s4f}
--------------

Cell viability was determined using an MTT assay kit ([@CWU020C51]; [@CWU020C39]). Briefly H9c2 cells were plated (10^4^ per well) in 96-well plates, and were made quiescent for 24 h in DMEM without serum. Quiescent cells were incubated with LacCer and MTT assay reagent. The reaction was stopped at different time points and absorbance was recorded at 540 and 690 nm with a microplate reader (Thermo Scientific Multiskan Spectrum). Viability was determined when compared with control cells (normal H9c2 cells incubated with DMSO).

Immunofluorescence microscopy {#s4g}
-----------------------------

Briefly the cells were fixed with 1% paraformaldehyde and permeabilized with 0.1% Triton X-100. For staining of α-actinin, cells were incubated with a mouse monoclonal antibody to α-actinin (1:200 in 1% BSA) for 2 h. Cells were washed with 1% BSA in PBS and were treated with FITC-conjugated goat anti-mouse IgG (green fluorescence) secondary antibody. Images were captured using an Olympus Invert scope microscope; Olympus, Tokyo, Japan. Photographic images were taken from five random fields ([@CWU020C78]).

Measurement of cardiomyocyte hypertrophy {#s4h}
----------------------------------------

NRVMs and H9c2 cells were treated with PE (100 μM) and LacCer (100 μM) for 24 or 48 h. Cell area was quantified from manually outlined cells in digitized microscopic images (recorded by an Olympus Invert scope microscope; Olympus, Tokyo, Japan) of randomly chosen cell fields using the Image-Pro Plus 6.0 software (Media Cybernetics, Silver Spring, MD). A minimum of 50 cells were measured for each independent experiment, repeated ≥3 times ([@CWU020C36]).

Real-time-polymerase chain reaction {#s4i}
-----------------------------------

Total RNA was isolated from H9c2 cells and NRVMs using TRIzol reagent (Life Technologies, Grand Island, NY). Two micrograms of RNA was reverse-transcribed with SuperScript II (Life Technologies, NY) using random primers. Gene-specific primers were designed (Table [I](#CWU020TB1){ref-type="table"}.) and used for amplifying ANP, BNP, c-fos and c-jun mRNAs. Table I.Primers used in the present studyGeneForward primer (5′--3′)Reverse primer (5′--3′)ANPGAGAGACGGCAGTGCTTCTAGGCCGTGACACACCACAAGGGCTTAGGBNPTGGGGAGGCGAGACAAGAGCCCAAACGACTGACGc-fosAGA GGA GAA GGC CAA GAA GGGCA GCC GCA TTA AGT TCT TCc-junCAG CTC TTG AAG GAC CAA GGAAG AGA CCC AGG CAG AGT CA

Analysis of gene expression by quantitative real-time PCR {#s4j}
---------------------------------------------------------

Total RNA was isolated from H9c2 cells and NRVMs, using TRIzol reagent. Two micrograms of RNA was reverse-transcribed with SuperScript II using random primers. Real-time PCR was performed using SYBR Green PCR Master Mix (Life Technologies) in an Applied Bio system\'s Step one RT-PCR system with the following thermal cycling conditions: 10 min at 95°C, followed by 40 cycles at 95°C for 15 s and at 60°C for 1 min for denaturation, annealing and elongation. Relative mRNA levels were calculated by the method of 2^−DDCt^ ([@CWU020C40]). Data were normalized to GAPDH mRNA levels. To determine the speciﬁcity of ampliﬁcation, melting curve analysis was applied to all ﬁnal PCR products. All samples were performed in triplicate. The expression suite software (Applied Bio-systems) was used to analyze the data.

Measurement of ROS levels {#s4k}
-------------------------

Intracellular ROS levels were assessed using DCFH2-DA ([@CWU020C51]). Cells were treated with DCFH2-DA (10 μM) for 15 min prior to the addition of LacCer. After incubation with LacCer for different time points (5, 10, 15 and 30 min, 1, 2, 4, 6, 8, 12 and 24 h) the cells were washed with PBS and analyzed using a fluorescent microplate reader (Beckman Coulter, Fullerton, CA). The relative intensity of DCF fluorescence was determined at a wavelength of 535 nm when compared with control cells (normal H9c2 cells incubated with DMSO). Data represent the mean intensities of DCF fluorescence, SD relative to the DCF fluorescence intensity of the control of four independent experiments.

Treatment of cells with NAC and DPI {#s4l}
-----------------------------------

The culture medium of H9c2 cells was replaced by one containing DPI (200 μM) and NAC (15 mM). Cells were then treated with DCFH2-DA (10 μM) for 15 min prior to the addition of LacCer for different time points (5, 15 and 30 min, 1, 8, 12 and 24 h). Cells were washed with PBS and analyzed using a fluorescent microplate reader at a wavelength of 535 nm ([@CWU020C60]; [@CWU020C68]).

ANP and BNP expression levels {#s4m}
-----------------------------

Eight hours after the addition of DPI and NAC, cells were treated with and without LacCer for 24 h. ANP and BNP mRNA expression levels were measured by real-time quantitative PCR method. Data represent the mean ± SD of three independent experiments.

Western blotting {#s4n}
----------------

Proteins were separated on gradient sodium dodecyl sulfate--polyacrylamide gel electrophoresis (7.5--15% acrylamide) and electrophoretically transferred to polyvinylidene difluoride membrane. Membranes were blocked using 5% skim milk in PBS plus 0.05% v/v Tween-20 before incubation with anti-phospho p44/42 MAP kinase antibody (9101; Cell Signaling) and anti-GAPDH antibody (sc-47724; Santa Cruz Biotech, Dallas, TX). HRP-conjugated secondary antibodies and ECL plus kit (Amersham Life Sciences, Piscataway, NJ) were used to detect proteins of interest.

Statistical analysis {#s4o}
--------------------

All values are expressed as mean ± SEM. Comparison between groups was performed by one-way analysis of variance with Bonferroni\'s multiple comparison tests. Comparisons between the two groups were performed using nonpaired two-tailed Student\'s *t*-test. A value of *P* \< 0.05 was considered significant. GraphPad Prism and MS-Excel statistical software were used for aforementioned statistical analysis.
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ANP, atrial natriuretic peptide; apoE, apolipoprotein E; ATCC, American type culture collection; Bis, bisindolylmaleimide; BNP, brain natriuretic peptide; DCFH2-DA, 2′,7′-dichlorofluorescin diacetate; DMEM, Dulbecco\'s modified Eagle\'s medium; DMSO, dimethyl sulfoxide; [d]{.smallcaps}-PDMP, [d]{.smallcaps}-threo-1-phenyl-2-decanoylamino-3-morpholino-1-propanol; DPI, diphenylene iodonium; FBS, fetal bovine serum; FITC, fluorescein isothiocyanate; FS, fractional shortening; GlcCer, glucosylceramide; GSL, glycosphingolipid; GT, glycosphingolipid glycosyltransferase; LacCer, lactosylceramide; LV, left ventricular; MAPK, mitogen activated protein kinase; NAC, *N*-acetylcysteine; NRVM, neonatal rat ventricular myocytes; PE, phenylephrine; PKC,; protein kinase C; PVDF, polyvinylidene difluoride; ROS, reactive oxygen species; RT-PCR, real-time-polymerase chain reaction.
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